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AERONAUTICAL SYMBOLS 
1. FUNDAMENTAL AND DERIVED UNITS 



Length. 
Time... 
Force-- 



Power- 
Speed - 



S3anbol 



Metric 



Unit 



Symbol 



meter 

second 

weight of one kilogram- 



kg/m/sec_ 
fkm/hr - -. 

Im/sec 



m 

sec 

kg 



English 



Unit 



foot (or mile) 

second (or hour) 

weight of one pound 

horsepower 

mi./hr 

ft. /sec 



Symbol 



ft. (or mi.) 
sec. (or hr.) 
lb. 



HP. 

M. P. H. 

f. p. 8. 



W, Weight, = m^ 

Standard acceleration of gravity = 9.80665 
in/sec.2 = 32.1740 ft./sec.^ 
W 

m, Mass,= — 



p, Density (mass per unit volume). 
Standard density of dry air, 0.12497 (kg-m"-^ 

sec.2) at 15° C and 760 inm = 0.002378 (Ib.- 

ft.-^ sec.2). 

Specific weight of ''standard'' air, 1.2255 
kg/m3 = 0.07651 Ib./ft.^ 



2. GENERAL SYMBOLS, ETC. 

mk^, Moment of inertia (indicate axis of the 
radius of gyration, Tc, by proper sub- 
script), 
Sj Area. 
Sy,, Wing area, etc. 
G, Gap. 
&, Span, 
c, Chord length. 

Aspect ratio. 
/, Distance from c. g. to elevator hinge. 
/X, Coefficient of viscosity. 



3. AERODYNAMICAL SYMBOLS 



V, True air speed. 

Dynamic (or impact) pressure =^ pP 

L, Lift, absolute coefficient Cl=^ 

Z?, Drag, absolute coefficient Cd = ^ 

C, Cross - wind force, absolute coefficient 

C_ 
■qS 

R, Resultant force. (Note that these coeffi- 
cients are twice as large as the old co- 
efficients Lcy Dc.) 
Angle of setting of wings (relative to thrust 
line). 

Angle of stabilizer setting with reference to 
thrust line. 



7, Dihedral angle. 

VI Reynolds Number, where Z is a linear 
^ fi ' dimension. 

e. g., for a model airfoil 3 in. chord, 100 
nii./hr. normal pressure, 0^ C: 255,000 
and at 15'' C, 230,000; 
or for a model of 10 cm chord 40 m/sec, 
corresponding numbers are 299,000 
and 270,000. 
Center of pressure coefficient (ratio of 
distance of C. P. from leading edge to 
chord length) . 
Angle of stabilizer setting with reference 

to lower wing, = {it — iw)' 
Angle of attack. 
€, Angle of down wash. 
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PRESSURE DISTRIBUTION OVER A RECTANGULAR MONOPLANE WING 
MODEL UP TO 90° ANGLE OF ATTACK 

By Montgomery Knight and Oscau Loeseu, Jr. 
SUMMARY 

The pressure distribution tests herein described, covering angles oj attaclc up to 90°, were made 
on a rectangular rnonoplane wing model in the atmospheric mrid tunnel of the Langley Memorial 
Aeronautical Laboratory. 

These tests indicate that a rectangular unng, by reason of its large tip loads, is uneconomical 
aerodynamically and structurally, has pronounced lateral instability above maximum lift, and is 
not adaptable to accurate calculation based on the classical wing theory. 

INTRODUCTION 

The pressure distribution tests described in this report were made at the Langley Memorial 
Aeronautical Laboratory primarily to obtain information relative to the autorotational cliarac- 
teristics of a particular rectangular monoplane wing model. However, the results obtained are 
indicative of the distribution over square-tipped monoplane wings in general, and are presented 
herewith at the suggestion of Lieut. W. S. Diehl, United States Navy, to add to the meager 
supply of information on the aerodynamic characteristics of wings at large angles of attack. 
Such information is of value in studies of the spinning airplane and of stability and controllabil- 
ity at large angles of attack. 

METHODS AND APPARATUS 

The tests, covering angles of attack (a) from -8° (approximately zero lift) to 90°, were 
made in the 5-foot atmospheric wind tunnel, which has a circular closed throat. (Reference 
L) The method of half-span wing and reflecting plane (references 2, 3, 4, 5) was used. In 
Figure 1 is shown the arrangement of wing and plane in the tunnel. Retardation of the flow 
close to the plane is compensated for by dipping the leading edge of the plane slightly, the correct 
amount of dip being determined from a series of velocity surveys taken normal to the plane. 

The rectangular mahogany wing which had a Gottingen 387-FB (flat bottom) profile, had 
been tested previously in autorotation experiments as a 5-inch by 30-inch full-span wing. For 
pressure distribution purposes, 12 small brass tubes were inlaid in slots cut in the surface of the 
wing parallel to the span. The pressure orifices consisted of holes drilled at intervals in these 
tubes. The tube locations around the profile, and the spacing of orifice groups or sections 
along the span, are given in Figure 2. Figure 3 shows the model with tubes, connections, 
and mounting block. 

Pressures were recorded photographically on photostat paper placed against the tubes in 
the multiple liquid manometer illustrated in Figure 4. In this figure are also shown the rubber 
pressure tubes from the wing, and the handles attached to the lower end of the wing supporting 
bracket for changing the angle of attack. 
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In order to simplify the drawing of the pressure distribution diagrams, the positions of 
the orifice tubes in the wing surface were so chosen that when projected on the chord they cor- 
responded to certain selected tubes on the manometer, the distance between the end manom- 
eter tubes representing the wing chord. This arrangement made it possible to draw the 
pressure diagrams directly on the manometer record as shown in Figure 5, which is a photograph 
of a specimen record. Only the manometer tubes labeled at the top of this record were used in 
the tests, the others being left open to the air in the experimental chamber. 

The testing procedure consisted first in sealing all orifices with wax, checking each tube for 
leaks, and then opening with a needle the orifices of the desired section. This section was then 
tested through the complete angle of attack range. 

Throughout the tests the dynamic pressure pF^, where p = air density and V= 

velocity) in the vicinity of the model was held constant at 4.09 pounds per square foot, using as 




I'Ki. 1.— Ualf-span wing model and reflecting plane mounted in Fig. 2.— Location of pre^ssiire distribution orifices in Got- 

tunnel tingen 387-FB wing 



a reference the Pitot-static tul)e shown at the left of Figure 1. This instrument was connected 
to a vernier manometer outside the tunnel. The static pressure side of this Pitot tube was 
also connected to two of the multiple manometer tubes for the purpose of locating the static 
pressure line on the manometer record. The mean velocity corresponding to the above dynamic 
pressure was 59.5 feet per second. The mean Reynolds Number was 147,000, with the wing 
chord as the characteristic length. 

A comparison of the integrated areas of original and check manometer records indicated 
over-all errors of about 1 per cent, covering the tests and the drawing and integration of the 
pressure diagrams. This error, together with the error in the values of q used in computing the 
coefficient of normal force (Catf) for each section, resulted in a probable error of about 3 per cent 
in the final results. 




Fig. 5.— Specimen manometer record with pressure diagram 
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Figs. 6, 7, and 8.— Surface normal pressure distribution 
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Figs. 19, 20, and 21.— Resultant normal prcs.^ure distribution 
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Figs. 22 and 23.— Resultant normal pressure dislrihiition 
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RESULTS 

In order to give a three-diinensional impression of the distribution of pressure over the wing 
model, the pressure diagrams for each section at a given angle of attack are plotted in their 
respective positions along the span of an isometric plan view of the half wing. The pressures 
on the upper and lower wing surfaces are presented in this manner in Figures 6-17. Negative 

2.2 \ y 1 \ r \ \ 1 \ \ X 1 1 \ > . . ^ , . 




Fig. 30.— Section curves of Csf 

pressures are plotted upward and positive pressures downward wuth respect to the chord plane. 
Figures 18-29 are corresponding diagrams of resultant or total pressures. Lifting pressures are 
plotted upward. The latter diagrams also contain curves of centers of pressure (C. P.) along 
the span. A pressure scale in terms of g is included at the left of each figure. Each of the two 
sets of diagrams is for angles of attack of -8°, 0, 8°, 12°, 16°, 20°, 24°, 28°, 36°, 50°, 70°, and 
90°, the angles being so chosen that interpolations may be made with fair accuracy. 
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In Figure 30 arc given the curves of Cnf vs. a for each section. The values of C.vf were 
obtained directly from the manometer records by integrating the pressure diagrams — 

where ^ = integrated area of diagram, 

^ = dynamic pressure expressed as pressure head determined from stagnation point, 
Z = length of diagram. 

The determination of (Z at large angles of attack prove'd to be a difficult matter. From a 
careful study of the stagnation points of the pressure diagrams a curve of €[ vs. a was finally 
obtained for each section. The values of ([ taken from these curves were used in the above 
equation for Cnf- 



2.2 




Semi-span - 




Figs. 31a and 31b.— Seraispan loads 



Considering the wing as a 'lifting line,'^ Cnf is merely the pressure in terms of (z at any 
point on that line. Figures 31a and 31b show Cat^. plotted along the lifting line for various angles 
of attack. These diagrams not only represent the variation in C^f along the span, but are 
also a measure of the load distribution since the wing chord is a constant. 

By integrating each of the curves in Figures 31a and 31b and dividing by the length of the 
diagram the value of G^^f may be obtained for the entire wing for each angle of attack repre- 
sented. These values are plotted together with the force test results for this wing in Figure 32. 

Figure 33 gives the longitudinal center of pressm-e travel versus « for the entire wing. 
This curve is determined from moment integrations of the C. P. curves in Figures 18-29. 

A similar curve for the lateral C. P. travel along the semispan is given in Figure 34. This 
curve is obtained from moment integrations of the semispan load curves of Figures 31a and 31b. 
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DISCUSSION 

The isometric diagrams of Figures 6-17 furnish a graphic representation of the growth and 
final collapse of wing surface pressures as the angle of attack is increased. The forward move- 
ment of the upper surface boundary layer is shown, beginning with a sliglit thickening at the 
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-10" 10° 20" 30° 40° 50° 60° 

Angle of attack, ct 

Fig. 32.— Curves of total Cn? 



70° 80° 90° 



trailing edge of the diagram of section 7 at 16° (fig. 10), and culminating in complete flow- 
breakdown for all sections at some angle between 28° and 36°, as shown by the flattening of the 
upper surface diagrams of Figures 13 and 14. These diagrams indicate the nature of the stresses 
imposed upon the coverings of rectangular airplane wings in steady flight. Figures 10-13 also 




-to° 



0° 10° 



20° 30° 40° 50° 
Angle of attack, ct 



60" 70° 80° 90" 



Fig. 33.— Longitudiual center of pressure 



show the presence of high nose pressures, signifying that the nose of the Gottingen 387 profile 
is somewhat too sharp for best results in the vicinity of maximum lift. 

The isometric diagrams of Figures 18-29 show the growth and collapse of resultant pressures 
acting normal to the chord. There is a noteworthy difference both as to shape and size of the 
pressure diagrams of section 1 as compared with those of other sections. This difference is due 
to the action of the trailing vortices at the wing tip and practically disappears at 36°. (Fig. 26.) 
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The curves of longitudinal center of pressure included in Figures 19-29 show that, due to the 
large tip loads and rearward centers of pressure, undesirable twisting moments are present at the 
wing tip. 

In Figure 30, which contains the curves of Cnf for each section, the high loadhig of the tip 
section (No. 1) is evident, reaching a maximum value of 2.12 at 2G°. The sharp drop from 
this value to .90 at 34° is indicative of the strong autorotational tendencies of the rectangular 
wing tip. 

In Figures 31a and 31b the excessive tip loads are once more evident. The load distribution 
departs considerably from the desired elliptical shape which is the theoretical condition for 
minimum drag. This fact indicates that inaccurate results will be obtained when the theoretical 
corrections for aspect ratio, biplane interference, and tunnel wall effect are applied to rectangular 
wings. 

In Figure 32, the comparison between pressure distribution and force test values of C^p 
shows good agreement between —8° and + 10° and between 50° and 90°. Between 10° and 50° 
the discrepancies are variable, reversing in sign at 31°. The results of force tests at bvrgo angles 



.6 




-10° 0"" 10"* 20° 30'' 40!' SO"* 60" 70^ 60° 90° 
Angle of affack, OL 

Fig. 34.— Lateral center of pressure 

of attack now in progress in the atmospheric tunnel lead to the belief that tunnel wall interference 
may be the chief cause of these differences. The distance from the wing tip to the tunnel wall 
was 15 inches for the force tests and about 29 inches for the pressure distribution experiments. 

CONCLUSIONS 

Although these tests were run at a low Reynolds Number, it is safe to state that a full 
scale rectangular wing possesses the following disadvantages: 

1. The excessively high tip loads up to large angles of attack (CVi? = 2.12 at a = 26° for a 
section 2.48 per cent of semispan from tip) produce large lateral bending moments and longi- 
tudinal twisting moments in the wing structure. 

2. Above maximum lift such a wing has a high degree of lateral instability. 

3. The considerable deviation from elliptical span loading results in increased drag, and also 
introduces appreciable errors in calculations based on this type of loading. 



Langley Memorial Aeronautical Laboratory, 

National Advisory Committee for Aeronautics, 
Langley Field, Va., October 27, 1927. 
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Positive directions of axes and angles (forces and moments) are shown by arrows 



Axis 


Force 
(parallel 
to axis) 
symbol 


Moment about axis 


Angle 


Velocities 


Designation 


Sym- 
bol 


Designa- 
tion 


Sym- 
bol 


Positive 
direction 


Designa- 
tion 


Sym- 
bol 


Linear 
(compo- 
nent along 
axis) 


Angular 


Longitudinal 

Lateral 

Normal - 


X 
Y 
Z 


X 
Y 
Z 


rolling 


L 
M 
N 


Y >Z 


roll 


e 


u 

V 

w 


V 
r 


pitching 

j-awing. — 


z >x 

X >Y 


pitch 

yaw _ 









Absolute coefficients of moment 



'qcS ^""'qfS 



Ajigle of set of control surface (relative to neu- 
tral position) ; 5. (Indicate surface hj proper 
subscript.) 



4. PROPELLER SYMBOLS 



Psy 
Pv, 
Pa, 



Diameter. 
Effective pitch 
Mean geometric pitch. 
Standard pitch. 
Zero thrust. 
Zero torque. 
p/Z>, Pitch ratio. 
F', Inflow velocity. 
Vsj Slip stream velocity. 



T; Thrust. 
Oj Torque. 
P, Power. 

(If ^^coefficients'' are mtroduced all 
imits used must be consistent.) 
77, Efficiency=rT7P. 
n, Revolutions per sec, r. p. s. 
Nj Revolutions per minute., R. P. M, 

\27rrnJ 



Effective helix angle 
5. NUMERICAL RELATIONS 



= tan"' 



1 HP = 76.04 kg/m/sec.==550 Ib./ft./sec. 
1 kg/m/sec. =0.01315 HP. 
1 mi./hr. = 0.44704 m/sec. 
1 m/sec. =2.23693 mi./hr. 



1 lb. =0.4535924277 kg. 
1 kg = 2.2046224 lb. 
1 mi. = 1609.35 m = 5280 ft. 
1 m = 3.2808333 ft. 



